In the present study, modification and expansion of the collision parameters for the general soft-sphere model ͓J. Fan, Phys. Fluids 12, 4399 ͑2002͔͒ were made for use in the direct simulation Monte Carlo calculation of hypersonic flows in the temperature range of 300-50 000 K. The collision integrals were expressed as a two-term function in a form of the inverse power of temperature, which was cast in terms of the soft-sphere scattering parameters and the four total cross-section parameters. Next, the most recent available data for the diffusion and viscosity collision integrals were collected and fitted into a function of temperature in the same form. By equating these expressions for the diffusion and viscosity collision integrals simultaneously, the five collision parameters were deduced as functions of species combinations. The resulting collision parameters for the general soft-sphere model were tabulated for 191 collision pairs involving 22 species. It was shown that the transport properties calculated by using the present collision parameters are much closer to experiments, theoretical data, and the values obtained by the ab initio calculations from quantum-mechanically derived potential energy surfaces than existing elastic collision models. The direct simulation Monte Carlo calculation of flow around a circular cylinder confirmed that discernible differences exist between the results based on the present study and those of the existing models.
I. INTRODUCTION
Several different mathematical models have been previously developed for the description of the elastic collision in the direct simulation Monte Carlo ͑DSMC͒ calculation of hypersonic rarefied gas flows. The latest one among them is the generalized soft-sphere ͑GSS͒ model 1 in which the total cross section is defined to be identical to that of the generalized hard-sphere ͑GHS͒ model 2, 3 introduced earlier, while the deflection angle is set the same as in the soft-sphere scattering model. In the GSS model, a two-term formula is used for the evaluation of the reduced viscosity collision integral of the Lennard-Jones ͑LJ͒ 6-12 potential and the Stockmayer potential. 4 It is known that up to 2000 K, the viscosity and diffusion coefficients of the GSS model are in better agreement with experimental values than the other previous models. Another elastic collision model is the variable soft-sphere ͑VSS͒ model, 5, 6 in which the deflection angle is determined based on the soft-sphere assumption and the collision parameters are evaluated by the inverse power law ͑IPL͒ model and the LJ potential.
However, in the GSS model, the scattering parameter is fixed as a constant, and as a result, the reduced diffusion and viscosity collision integrals, ⍀ ͑1 , 1͒ * and ⍀ ͑2 , 2͒ * , are not accurately reproduced. In Fig. 1 , the discrepancy of the collision integrals between the values calculated by the GSS model and the LJ potential is presented. Because the reduced viscosity collision integral was used as the basis for the derivation, the values of the two models match closely. However, for the other collision integrals, the discrepancies are approximately three times larger than that of the reduced viscosity collision integral. Meanwhile, in the variable softsphere ͑VSS͒ model, the scattering parameter is treated as a species-dependent value, and thus the reduced diffusion and viscosity collision integrals are reproduced more accurately.
There is another limitation to the usage of the GSS model. The GSS model relies on the LJ and Stockmayer potentials which mostly account for the long-range attraction that is dominant at relatively low temperatures. But at high temperatures, short-range repulsive forces are dominant, and therefore the LJ potential becomes inaccurate. Also, the interaction potentials caused by the collisions among molecules, atoms, and charged particles are very much different from the LJ and Stockmayer potentials. In Fig. 2 , it is shown that the collision integrals derived from the LJ potential are substantially different from those obtained from the ab initio calculations 7, 8 based on the quantum-mechanically derived potential energy surfaces.
In the present study, an improvement was made to the GSS model so that the elastic collisions of atoms, molecules, and charged particles can be described better at high temperatures. For this purpose, the total cross section and the soft-sphere assumption were still used, but the scattering parameter was taken to be implicitly species-dependent as in the VSS model. The collision parameters for the neutral and charged particles were determined by adopting the best available diffusion and viscosity collision integrals, which were taken simultaneously from the most recent and physically adequate data obtained either by the ab initio calculations [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] a͒ from the quantum-mechanically derived potential energy surfaces, from the experiments, 18 or from the theory. [19] [20] [21] [22] [23] The accuracy of the present method was validated by comparing the values of the collision integrals, ⍀ ͑1,2͒ and ⍀ ͑1,3͒ , with those obtained from the ab initio calculations. The transport properties calculated by the present collision parameters were also compared with experimental values, reference transport properties based on the best collision integrals, and the previous elastic collision models. For a demonstration, a DSMC calculation for flow around a circular cylinder was made for N 2 and NO species using the present collision parameters, and the results were compared with those obtained by previous elastic collision models.
II. MODIFICATION AND EXPANSION OF THE GSS MODEL
The GSS model is based on the soft-sphere assumption characterized by the scattering parameter ␣ in the form
where b, d, and are the impact parameter, the variable diameter, and the scattering angle, respectively. To describe the cross section, the GSS model adopts the same formulation as in the GHS model,
where is the diameter of the collision molecule, and is the potential-energy well depth. Also, E is the impact energy, and the collision parameters, 1 
where ᐉ is the index for the cross section, and the superscript * denotes the reduced value quantity. In the present study, the reduced cross sections for momentum and viscosity were recast by using Eqs. ͑1͒-͑3͒ as
where g * denotes the reduced relative impact energy. According to the Chapman-Enskog theory, 4 the collision integrals are defined as
where T * is the reduced temperature. Using Eqs. ͑4͒-͑6͒, the collision integrals can be rewritten as 
The collision parameters, 1 , 2 , 1 , 2 and ␣, have nonlinear dependencies on each other, and thus to determine these parameters, the collision integrals, ⍀ ͑1,1͒ and ⍀ ͑2,2͒ , need to be solved simultaneously.
Cubley and Mason 18 have fitted the experimentally determined collision integrals as a function of the inverse power of temperature. In the present study, it was proposed that the diffusion collision integral ⍀ ͑1,1͒ is fitted as a twoterm function which is composed of the inverse power of temperature, same to the existing GSS model,
.
͑11͒
The parameters, 1 ͑1,1͒ , 2 ͑1,1͒ , 3 ͑1,1͒ , and 4 ͑1,1͒ , in Eq. ͑11͒ can be determined by applying the nonlinear least-square regression to the best available diffusion collision integrals. By equating Eqs. ͑7͒ and ͑11͒, the diffusion collision integral is
͑12͒
Then the collision parameters, 1 and 2 , can be set as 1 = 2 ͑1,1͒ and 1 = 4 ͑1,1͒ . However, because the parameter ␣ is not known, the collision parameters, 1 and 2 , cannot be determined. In the present study, to determine the collision parameters, 1 and 2 , the viscosity collision integral ⍀ ͑2,2͒ was used. From Eqs. ͑7͒, ͑10͒, and ͑12͒, the viscosity collision integral ⍀ ͑2,2͒ can be rewritten as
͑13͒
Since the viscosity collision integral ⍀ ͑2,2͒ is only a function of the scattering parameter ␣, the scattering parameter can be determined by applying the linear least-square regression to the best available viscosity collision integrals. Then from this scattering parameter ␣ and Eqs. ͑7͒ and ͑10͒, the collision parameters, 1 and 2 , can be formulated as
where 1 ͑2,2͒ and 3 ͑2,2͒ are given as
In order to verify the above procedure for determining the collision parameters, the collision integrals, ⍀ ͑1,2͒ and ⍀ ͑1,3͒ , determined from Eqs. ͑8͒ and ͑9͒ were compared with the known values which were obtained from the ab initio calculations for N-O, 7 H-N 2 , 8 and N-H. 9 In Fig. 3 , it is
shown that the collision integrals, ⍀ ͑1,2͒ and ⍀ ͑1,3͒ , obtained from the present study agree very closely with those of the ab initio calculations.
III. DETERMINATION OF COLLISION PARAMETERS
When the collision parameters are to be determined, information about the collision integrals is needed. In the present study, to provide this information, all available data about the binary collision integrals were reassessed whenever available. A preference was given to the collision integrals obtained by the ab initio calculations 7-17 from quantum-mechanically derived potential energy surfaces. However, since these ab initio calculations have been made only for a limited number of collision pairs, the collision integrals for other collision pairs were collected from experiments, 18 theoretical data, [19] [20] [21] [22] [23] and compilations. [24] [25] [26] [27] For neutral-neutral interactions, some collision integrals were evaluated by using the ab initio calculations. [7] [8] [9] [10] [11] [12] [13] [14] [15] In the case of those collisions for which such calculations were not available, experimental and theoretical data, such as the high fidelity potentials obtained by Murphy 20 and the compilations by Park, Jaffe, and Partridge, 24 Wright et al., 25 Capitelli et al., 26 and Gupta et al., 27 were used. For charge-neutral interactions, the ab initio calculations for the collision integrals have been made by Stallcop and Partridge. 16, 17 When such calculations were not made, the collision integrals were obtained as either resonant or nonresonant collisions. In the case of the resonant collisions, the charge transfer cross sections 21, 22 and the polarizability model 27 were considered. For the nonresonant collisions, the polarizability model 27 
In Table I , the total cross-section parameters, C 1 , C 2 , 1 , and 2 , and the scattering parameter ␣ of the neutral-neutral and neutral-ion interactions are presented in the temperature range of 300-50 000 K.
IV. EVALUATION OF TRANSPORT PROPERTIES
Using Eqs. ͑7͒ and ͑10͒, the viscosity and diffusion coefficients can be derived by following the Chapman-Enskog procedure: 4 12 = 2.6693
where the subscripts 1 and 2 are the species index. Also, Fig. 4 . It shows that in the temperature range of 300-2000 K, the transport properties calculated by Eq. ͑20͒ with the new collision parameters agree very well with the experimental values. In the case of the diffusion coefficients, the experimental data is not available for validation for the temperatures above 300 K. However, since the collision parameters in the present study were determined by using the diffusion and viscosity collision integrals, ⍀ ͑1,1͒ and ⍀ ͑2,2͒ , simultaneously, the accuracy of the diffusion coefficients can also be assured.
For the molecule-molecule collisions, the transport properties calculated by Eqs. ͑20͒ and ͑21͒ with the new collision parameters were validated by comparing the results with those calculated from the VSS and GSS models and also with the reference values which were obtained by either the ab initio calculations 10, 14 or the theoretical data. 19, 20 When calculating the transport properties of the VSS and GSS models, the collision parameters are needed for each collision model. For the VSS model, the collision parameters 6 have been calculated for N 2 , O 2 , and NO based on the work by Cubley and Mason. 18 These collision parameters are valid in the temperature range of 300-16 000 K. For other species, they were determined from the IPL model and the LJ potential. For the GSS model, the collision parameters 1 have been calculated from the collision integrals obtained by the LJ potential. 4 In Figs. 5 and 6, the transport properties for N 2 -N 2 and N 2 -H 2 collisions calculated by the present study are compared with the reference values obtained by the ab initio calculations 10 and those calculated from the VSS and GSS models. It shows that the difference between the present study and the reference values is quite small for both viscosity and diffusion coefficients. The results of the VSS model showed a significant difference from the reference values, particularly for N 2 -H 2 collisions.
In Fig. 7 , comparisons of the transport properties were made for the NO-NO collision. It is shown that the transport properties from the present study and the VSS model agree closely with the reference values obtained by the theoretical data, whereas a significant deviation was observed for the GSS model at high temperatures. This discrepancy of the transport properties between the GSS model and the reference values indicates that the extrapolation of the LJ potential is inadequate to describe the collisions as the temperature increases.
In Fig. 8 , the transport properties by the present study for TABLE I. Elastic collision parameters, total cross section parameters, C 1 , C 2 , 1 , and 2 , and the scattering parameter ␣ for the temperature range of 300-50 000 K. Ar-Ar collision are compared with other results based on the VSS and GSS models and the reference values obtained by the ab initio calculations. 14 Because the LJ potential is comparatively adequate to describe the molecular interaction for noble gases, such as Ar species, and the collision parameters of the VSS model were calculated from the LJ potential, the discrepancy between the reference values and the transport properties of the VSS model was relatively small. However, even though the collision parameters of the GSS model were calculated from the LJ potential, the transport properties of the GSS model were significantly different from the refer- ence values. This is because a constant set of the scattering parameters was used in the GSS model. For the collision pairs of molecule-atom and atom-atom, the transport properties by the present study were validated by comparing the results with the reference transport properties obtained by the ab initio calculations. 7, 11 Comparison with previous elastic collision models is not possible, because the collision parameters of the VSS and GSS models do not exist for these collision pairs.
In Fig. 9 , the transport properties for N-O, N 2 -N, O 2 -H, and H 2 -N collisions obtained by the present study were compared with the reference values from the ab initio calculations. 7, 11 It shows that the present results agree well with the reference values. While it is known that the elastic collisions between molecule-atom and atom-atom are not well described by the GSS model, these elastic collisions were well simulated by adopting the new collision parameters obtained in the present study.
In the case of the charged particles, the collisions are classified as either resonant or nonresonant. In Fig. 10 , the transport properties obtained by the present study by accounting for the resonant effect of the N -N + , O-O + , N 2 -N 2 + , and NO -NO + collisions were compared with the reference values calculated from the ab initio calculations 16 and the theoretical data. 21, 22 The theoretical data were calculated by using the charge transfer cross section and the polarizability model. It shows that the transport properties obtained by the present study agree well with the reference values.
For the nonresonant collisions, the transport properties 23 The collision integrals of the compilation 23 were calculated based on the modified Tang and Toennies potential. 29 The results in Fig. 11 show that the transport properties obtained by the present study agree well with the reference values.
V. SAMPLE DSMC CALCULATIONS
In order to examine the effect of the modification of the GSS model, sample DSMC calculations were performed for flow around a circular cylinder. The two selected freestream velocities were 5 km/ s and 8 km/ s, and the Knudsen number based on the cylinder diameter was set to 0.1. The fluid was composed of N 2 and NO species, and the temperature of the freestream flow was set to 300 K. For the purpose of verifying the effect of the elastic collision model, inelastic collisions were excluded from the calculations. The results based on the new collision parameters obtained in the present study were compared with those of the previous elastic collision models.
In Fig. 12 , the translational temperature contours for N 2 species are compared between the present study and the GSS and VSS models. It shows that the contour of the highest temperature by the present study ͑level 5 in the figure͒ elongated further downstream than that of the VSS model for both freestream velocity cases. In the case of the low temperature contours, the results of the VSS model expanded further away from the cylinder than those of the present study. This is caused by the difference in the collision parameters and the transport properties between the present study and the VSS model as shown in Fig. 5 .
In Fig. 13 , the translational temperature distributions along the stagnation streamline are compared. It shows that the maximum translational temperatures obtained based on the present study were approximately 500 K and 2000 K degrees higher than those of the VSS model for each freestream velocity case, respectively. This temperature difference may affect the chemical reaction significantly by changing the probability of the inelastic collision and the collision energy. It also indicated that the effect of the new collision parameters obtained in the present study was more evident when the freestream velocity increased. However, in the case of the GSS model, the difference of the translational temperature from the present study was smaller than that of the VSS model, because the discrepancy of the transport properties of the GSS model was less than that for the VSS model. It is believed that the results by the present study are more accurate than those of the VSS and GSS models, since the transport properties of the collision parameters by the present study are in better agreement with the reference values as shown in Fig. 5 .
In Fig. 14 , the heat flux and pressure distributions along the cylinder surface from the leading-edge stagnation point to the trailing-edge stagnation point are compared between the present study and the VSS model for N 2 leading-edge stagnation point by the present study was 4.0 ϫ 10 5 W / m 2 , which was approximately 10% less than that of the VSS model. At the trailing-edge stagnation point, the relative difference between the two models increased to 38%, even though the magnitude of the heat flux was small compared to the leading-edge stagnation point. The difference of the normalized surface pressure between the two models at the leading-edge and trailing-edge stagnation points were approximately 6% and 40%, respectively. It was demonstrated that the substantial discrepancy of the transport properties between the present model and the VSS model for N 2 species shown in Fig. 5 resulted in fairly large changes of the surface properties in the DSMC simulations. It is expected that the effect of the present model on the surface properties is more significant as the gas flow becomes further rarefied, as shown at the cylinder trailing-edge region.
In Fig. 15 , the translational temperature contours for NO species are compared between the present study and the GSS and VSS models. It shows that unlike the N 2 species, the high temperature region obtained by the present study was slightly smaller than that of the GSS model for both freestream velocity cases, while the low temperature region was expanded wider than that of the GSS model.
In Fig. 16 along the stagnation streamline are compared. It shows that the maximum translational temperature obtained by the present study was less than that of the GSS model, but the overall level of the translational temperature at the upstream of the maximum temperature location was higher than that of the GSS model. In the case of the VSS model, the contours of the translational temperature and its distribution along the stagnation streamline were similar to the present study, because the transport properties were almost identical as shown in Fig. 7 . In Fig. 17 , the heat flux and normalized pressure distributions along the cylinder surface from the leading-edge stagnation point to the trailing-edge stagnation point are compared between the present study and the GSS model for NO species at 8 km/ s freestream velocity. It shows that the heat flux at the leading-edge stagnation point by the present study was 4.8ϫ 10 5 W / m 2 , approximately 10% higher than that of the GSS model. At the trailing-edge stagnation point, the difference of the heat flux between the two models increased to 55%. The increments of the normalized surface pressure at the leading-edge and trailing-edge stagnation points were approximately 6% and 68%, respectively, as a result of the different transport properties between the present model and the GSS model shown in Fig. 7 .
Since the transport properties evaluated by the new collision parameters in the present study for the 191 collision pairs involving 22 species of neutral and charged particles were in better agreement with the reference values, it is believed that the DSMC calculations for the 191 collision pairs are more accurate than the previous elastic collision models.
VI. CONCLUDING REMARKS
A modification and an expansion of the general softsphere ͑GSS͒ model for elastic collisions were made for the purpose of attaining a higher accuracy in the DSMC calculations of hypersonic flows at high temperatures. The total cross section and the soft-sphere assumption of the GSS model were augmented by the implicitly species-dependent variable scattering parameters. The new collision parameters of the present study which were valid over the temperature range of 300-50 000 K were derived by using the diffusion and viscosity collision integrals simultaneously taken from experiments, the most recent data obtained through the ab initio calculations from quantum-mechanically derived potential energy surfaces, and the theoretical data. The new collision parameters were tabulated for 191 collision pairs involving 22 species. It was shown that the transport properties calculated by using the present collision parameters were much closer to the reference values derived from the most recent collision integrals by the Chapman-Enskog method than the existing elastic collision models. Sample DSMC calculations showed that a discernible difference exists in the results between the present study and the existing models. 
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